The properties and performance of the ultra high purity Nb used to fabricate superconducting radio frequency (SRF) particle accelerator cavities have been found to vary with processing conditions. One hypothesis for these variations is that hydrogen, absorbed during processing, is responsible for this behavior. The key assumption behind this hypothesis is that niobium can absorb hydrogen from one or more of the processing environments. This paper reviews work examining the validity of this assumption. It was determined that Nb will spontaneously react with water producing adsorbed atomic hydrogen that is readily absorbed into the metal. The passivating oxide film normally prevents this reaction, but this film is frequently removed during processing and it is attacked by the fluoride ion used in the polishing solutions for SRF cavities. However, during electropolishing that cathodic reduction of hydrogen is transferred to the auxiliary electrode and this should suppress hydrogen absorption.
INTRODUCTION
The properties and performance of the ultra high purity Nb used to fabricate superconducting radio frequency (SRF) particle accelerator cavities has been found to vary with processing conditions. One hypothesis for this behavior is that hydrogen is absorbed from processing environments and that varying amounts of absorption, or later desorption, are responsible for this variability. The propensity of active metals to absorb hydrogen during service in aqueous environments is a well known phenomenon.
(1-3) Similar hydrogen evolution reactions and absorption processes can occur during processing and component fabrication. Hydrogen can be a very influential alloying element and even small quantities of this interstitial element has been shown to dramatically influence the properties of metals and alloys. (1) (2) (3) In addition, hydrogen has a much higher mobility in Nb at room temperature than the other interstitial solutes (C, N, and O) and much greater exposure times, or temperatures, would be required to absorb significant quantities of these elements during processing. (4) Therefore, hydrogen absorption, and desorption, is a primary candidate for explaining the observed processing related variability.
Earlier work examined the variability of the mechanical properties of ultra high purity Nb with processing conditions. (4) This work found variations consistent with the hydrogen absorption hypothesis and that heat treatments designed to "bake-out" this hydrogen resulted in improved or "recovered" properties. (4) This resulted in increasing interest in determining the potential sources of the absorbed hydrogen. Implied in the hydrogen absorption hypothesis is the assumption that at some point during processing the Nb material comes into contact with an environment that can act as a hydrogen source. To answer this question, the literature on hydrogen absorption from different environments was reviewed. (5) Once the reactions, mechanisms, and driving forces for hydrogen absorption were understood, this review examined the different processing environments used for fabrication of Nb SRF cavities. This review postulated hydrogen generating reactions and estimated the relative propensity for hydrogen absorption from each environment by calculation of the hydrogen activity (or fugacity) from the thermodynamic driving force for the reactions.
(5) The purpose of this paper is to briefly review this work and to discuss two additional factors: (i) the differences between chemical and electrochemical polishing and (ii) the differences that may result from processing very fine or coarse grain Nb.
HYDROGEN ABSORPTION
The logical first candidates to consider as hydrogen sources are processing steps that use hydrogen gas. However, the literature clearly documents that significantly greater amounts of hydrogen can be absorbed from chemical or electrochemical reactions at atmospheric pressure than can be absorbed by exposure to high-pressure hydrogen gas. (1, 5) The reason for this is illustrated in Fig 1 where the steps for absorption of hydrogen from the gas phase, Fig 1(a) , are compared to the steps for absorption of hydrogen produced by chemical reduction of hydrogen ions shown in Fig 1(b) . For absorption of hydrogen from the gas phase, the steps are: (i) adsorption of the diatomic molecule on the surface, (ii) dissociation of the diatomic molecules to form individual adsorbed hydrogen atoms, (iii) redistribution by surface diffusion to favorable absorption sites (optional), (iv) absorption of the adsorbed hydrogen atoms, and (v) solid state diffusion into the bulk. For absorption of chemically reduced hydrogen, the required steps are: (1) adsorption of hydrogen ions or molecules containing hydrogen ions, (2) reduction of these ions to form adsorbed atoms of hydrogen, (3) redistribution to preferred absorption sites by surface diffusion (optional), (4) absorption of the adsorbed hydrogen atoms, and (5) solid state diffusion into the bulk. Notice that at no point during the absorption of chemically reduced hydrogen has the hydrogen that is absorbed been part of a diatomic molecule much less entered the gas phase. The steps required for the chemically reduced hydrogen atoms to enter the gas phase are: (3') surface diffusion and combination with another adsorbed hydrogen atom to form adsorbed diatomic molecules (the "recombination" reaction), (4') surface diffusion and combination of large numbers of diatomic gas molecules to form nuclei of hydrogen gas bubbles, and (5') rapid expansion and detachment of the supercritical gas bubbles. The number of stochastic interactions required for these steps make it clear that large supersaturations of adsorbed hydrogen atoms are required to drive this process and the recombination reaction is usually found to be the rate limiting step.
(1) Therefore, if hydrogen gas bubbles are observed forming on the surface during chemical polishing, then hydrogen is almost certainly being absorbed at high activities compared to that created by exposure to hydrogen gas. 
REACTIONS WITH WATER
The most common hydrogen bearing environmental species that Nb SRF cavities will encounter during processing is water. A general reaction for the reduction of hydrogen from water driven by niobium oxidation is
where x=1 or 2 and y=1, 2, or 5 depending on the stoichiometry of the oxide being formed. The reaction quotient for this reaction at equilibrium, K eq , is related to the change in the free energy (Gibbs function) for reactants at standard state, G 0 as
where R is the gas constant, T is the temperature (K), and the brackets imply the activities of the species within them. In equation (2), the activity of the Nb metal and the oxide of Nb are unity. For dilute aqueous solutions, the activity of water is also estimated as one. Therefore, the equilibrium hydrogen activity, or fugacity (if expressed as a pressure), can be calculated from this relationship using standard chemical thermodynamics tables and it is essentially the same for all dilute aqueous solutions. This calculated pressure is not the actual fugacity corresponding to the adsorbed atomic hydrogen coverage, it is the pressure required to stop reaction (1) from proceeding in the forward direction. Due to hydrogen leaving the surface by the pathways shown in Fig 1(b) and irreversible losses, this activity may be approached, but it is never actually reached. It is also corresponds to the atomic hydrogen surface coverage that the reaction is attempting to reach in proceeding in the forward direction. If it is assumed that the path for hydrogen evolution and the kinetics of the steps are not significantly altered, then activity calculated in this manner for different environments is an indicator of the relative activity driving absorption and can be considered an indicator of the relative propensity for hydrogen absorption by bare Nb from each environment. Equation (2) can also be used to calculate the equilibrium hydrogen fugacity for other environments containing water by simply placing the appropriate value for the activity of water into the relationship. In this manner, the hydrogen equilibrium fugacity for reaction with water can be calculated for processing environments such as humid air, cutting fluids, organic solvents, and concentrated solutions. One can also estimate the fugacity that this reaction attempts to reach in concentrated mineral acids such as those used for buffered chemical polishing (BCP) and electropolishing. Table  I shows some results for these calculations. Examination of Table I shows three things: (1) G is negative in all cases and the reaction will be spontaneous, (2) the magnitude of G is large and the reactions should be very rapid, and (3) the activity of adsorbed hydrogen on the surface will be large enough to drive both absorption and gas evolution (bubbling).
CHEMICAL POLISHING
Niobium SRF cavities are typically polished by immersion into a mixture of mineral acids containing HF. For example, the "buffered chemical polish" (BCP) used for SRF cavities is usually a 1:1:1 or 1:1:2 mixture of HF:HNO 3 :H 3 PO 4 acids. Of course, the concentrated acid solutions used to make these solutions contain water and the reaction of eq. (1) is still possible and a hydrogen fugacity can be calculated by estimating the activity of this water as 0.423 based on the concentration of water retained in the concentrated acids (Table I) . Alternatively, one may assume that hydrogen evolution is driven by reaction between Nb and one of the acid molecules such as HF
In this case, one may determine the free energy change for all reactants in their standard states and calculate the equilibrium hydrogen fugacity in the same manner as above in eq. 2. If one estimates the activity of the HF in the solution by its concentration, then one obtains an estimated hydrogen equilibrium fugacity of 10 16 bar (10 21 Pa).
ELECTROPOLISHING
Electropolishing is a viable alternative to chemical polishing for producing cavities with smooth surfaces. Electropolishing has two significant advantages to chemical polishing for producing smooth surfaces: (1) it enables the user to control rates (within some limits) through the applied current and (2) applying this current splits the chemical reaction of eq. (1) into anodic and cathodic components:
Nb Nb +n + ne (4) and
The anodic component, eq. (4), occurs on the sample and the cathodic reaction, eq. (5), occurs on the auxiliary electrode added to the solution to enable application of the current. The other steps of the reaction in eq. (1) occur between the ions in the solution and n depends on the ion of Nb formed at the electrode surface. Moving the evolution of hydrogen to the auxiliary electrode should remove the H 2 gas bubbles from the Nb surface and enable smoother finishes. More importantly, it reduces the activity of adsorbed atomic hydrogen on the surface being polished reducing the amount that will be absorbed into the Nb of the SRF cavity. That is, compared to chemical polishing, electropolishing reduces the hydrogen adsorbed on the Nb by the amount proportional to the applied current and this reduces hydrogen uptake. The two questions that remain are (i) will this be significant and (ii) is it possible to completely eliminate hydrogen uptake. Theoretically, one can just keep increasing the applied anodic current until essentially all of the charge released by the oxidation of Nb is reduced at the auxiliary electrode. Therefore, it appears, initially, that the answer to both questions should be in the affirmative. However, detailed analysis is less clear because the equations are logarithmic and zero is never reached. A rough estimate for normal electropolishing conditions (1:9 HF:H 2 SO 4 at 50-100 mA/cm
2 ) found that this should reduce the fugacity of hydrogen on Nb by about 20 orders of magnitude which according to Table I should be enough to virtually eliminate hydrogen absorption. (5) However, the application of equilibrium thermodynamics to a system this far from equilibrium is questionable and assumes that processes occur in a steady state fashion where they are not far from local equilibrium at all times. Real systems frequently deviate from this and hydrogen has been found in the gas evolved at anodes made of an active metal (Al) at high anodic currents. (2) Two potential explanations were presented for this observation. (2) First, if the anodic reaction forms a lower valence state ion at the surface, as this ion diffuses from the surface it could react with water in the diffusion layer and produce the observed hydrogen. Second, inhomogeneities in the current distribution due to surface roughness or other features could result in local cells where the reaction reverts to the direct chemical reaction of eq. (1). Therefore, it appears that the answers to these questions are; (i) electropolishing will significantly reduce hydrogen absorption and (ii) while it is theoretically possible to completely eliminate hydrogen absorption by the Nb substrate being polished, it may not be possible to completely eliminate it and experiments will be required to determine how close one can get to this goal.
GRAIN SIZE
One question not addressed in the previous work was the potential influence of grain size on these processes. This is an important consideration as two different approaches to SRF cavity processing have evolved with one attempting to produce cavities with the smallest grains possible to reduce the concentration of segregants on the boundaries and the other attempting to produce cavities with grains so large that the grain boundaries are virtually eliminated and behavior approaches that of a single crystal. Coarse grain Nb is produced by holding the material for extended times at elevated temperatures. Without impurities to pin grain boundaries and prevent grain growth, the grains are free to grow very large. Grain growth occurs because atoms move from higher energy sites to lower energy sites eventually resulting in the elimination of the higher energy sites. In addition to eliminating smaller grain, this will tend to eliminate grain boundary features and orientations that have higher energies. Therefore, the grain boundary orientations and morphologies remaining in the coarse grain material will be those thermodynamically preferred because they have fewer unsatisfied bonds or greater coherence with their neighbors. Therefore, assuming that segregation of impurities can be neglected in ultra high purity Nb, cavities made from coarse grains will differ from fine grain cavities in two ways: (i) density of grain boundaries and (ii) average grain boundary coherency.
Grain boundaries can influence four things relevant to hydrogen absorption and the performance of SRF cavities: (1) hydrogen evolution, (2) hydrogen absorption, (3) hydrogen diffusion, and (4) heterogeneous nucleation of second phases. The higher density of less coherent grain boundaries found in fine grain material should promote the nucleation of hydrogen bubbles on the surface reducing the steady state concentration of adsorbed hydrogen on the surface, but they should also make absorption and diffusion into the material easier and faster. It is unclear which effect will dominate behavior. Less coherent grain boundaries should also have higher hydrogen solubilities and lower activation energies for the heterogeneous nucleation of second phases. Therefore, the nucleation of second phases such as niobium hydrides or hydrogen micro-voids (clustering) should be significantly easier at the grain boundaries found in the fine grain Nb.
CONCLUSIONS
Niobium is an active metal and hydrogen reduction will occur anytime bare Nb metal comes into contact with water during normal SRF cavity processing conditions. Since hydrogen evolution on Nb by chemical reaction with water occurs by first creating adsorbed hydrogen atoms on the surface, hydrogen uptake will result in processing steps that expose bare Nb to water. Electropolishing transfers the hydrogen reduction reaction to the auxiliary electrode and this will greatly reduce, if not eliminate, hydrogen uptake. Grain growth results in elimination of higher energy grain boundary morphologies and orientations that make hydrogen induced heterogeneous nucleation of second phases or micro-voids easier. Therefore, coarse grain Nb will have fewer of these features per unit area of grain boundary as well as fewer grain boundaries per unit volume.
